Abstract: A temperature sensor based on photonic crystal fiber filled with liquid and silver nanowires using surface plasmon resonance is demonstrated both theoretically and experimentally in this paper. Numerical simulation shows that a blue shift is obtained when temperature increases, and the resonance wavelength and resonance intensity can be tuned effectively by adjusting the volume ratios of the liquid constituents. A large temperature range from 25°C to 60°C at different ratios is detected to investigate the sensor's performance, and the sensitivity −2.08 nm/°C with the figure of merit of 0.1572 is obtained by experiment. Moreover, with the all-fiber device with strong mechanical stability, it is easy to realize remote sensing by changing the downlead fiber length, which is promising for developing a high-sensitive, real-time, and distributed temperature sensor.
Introduction
The photonic crystal fiber (PCF) is a particular kind of fiber based on the method of 2-D photonic crystals and consists of a periodical array of air holes extending along the whole fiber length [1] . The flexible design of PCF provides many advantages compared with conventional optical fiber, such as single mode propagation, high confinement, controllable birefringence, low non-linearity, etc. [2] . Additionally, the existence of air holes provides the possibility to insert functional materials [3] , which can realize the interaction of transmission light and materials effectively. Recently, a large variety of PCF based sensors are reported to measure temperature [4] - [8] , strain [9] , vibration [10] , twist [11] , refractive index (RI) [12] , [13] , gas absorption [14] , magnetic field [15] , and so on, which have been widely used in physical, chemical, and biochemical sensing applications.
Surface plasmon resonance (SPR) is the excitation of a charge density oscillation (surface plasmons, SPs) caused by a p-polarized light along the metal-dielectric interface by satisfying phase matching condition between p-polarized light and SPs. SPR technique owns extraordinary properties like label free, real-time and high resolutions down to 10 À7 RI units (RIUs) [16] , which is not accessible to other sensing methods. Combining the advantages of PCF and SPR, many sensing devices have been very recently reported [12] , [13] , [17] - [19] . Hassani et al. first designed a RI sensor and realize the detectable RI change of 10 À4 [17] . Peng et al. proposed a temperature sensor based on SPR within selectively coated PCF, and the sensitivity 720 pm/°C is obtained [18] . Liu et al. presented a same type sensor based on PCF coated with nanoscale gold film. By removing air holes in the second layer, the coupling between core mode and SP polariton (SPP) mode occurs easily, and the average sensitivity obtained is −2.15 nm/°C [19] , but they are all based on the numerical simulations, and the coating operation is quite difficult to realize experimentally.
To solve the metal film coating problem, some researchers proposed metal nanoparticles filled sensors. In [20] , Csaki et al. demonstrated a nanoparticle layer deposition method using self-assembled monolayer technique and the RI sensitivity 78 nm/RIU is measured experimentally. By filling gold nanoparticles and dimethyl sulfoxide into the holes selectively, Peng et al. presented a temperature sensor using bandgap-like effect and the sensitivity is up to −5.5 nm/°C by experiment [21] . Lu et al. also reported a silver nanowires filled temperature sensor and realize the sensitivity of 2.7 nm/°C [22] . However, the selectively filling is not easy to operate in [21] and the incident light coupled by lens in [22] reduces the mechanical stability, which will restrict its wide application.
In this paper, an all-fiber temperature sensor based on LMA-10 PCF filled with silver nanowire colloids and chloroform is both analyzed theoretically and demonstrated experimentally. Finite element method (FEM) is utilized though COMSOL Multiphysics software and simulated results show that a blue shift is obtained when temperature increase, the volume fractions of silver nanowire colloids and chloroform have a great influence on the sensor's resonance wavelength and resonance intensity. A large temperature range from 25°C to 60°C at the ratios of 1:1 and 1:2 are detected to investigate the sensor's performance and an average sensitivity −2.08 nm/°C with a figure of merit (FOM) of 0.1572 is obtained by experiment. A significant advancement is made compare with the previous work in [22] as the all-fiber structure can strengthen the sensor's mechanical stability and realize the remote sensing. Moreover, we enlarge the range of temperature measurement with narrower measurement interval, the FOM is also increased from less than 0.135 to 0.1572 with little sacrifice in wavelength sensitivity (2.7 nm/°C in [22] ), which can improve the detection accuracy significantly. liquid mixture of aqueous silver nanowire colloids and chloroform at the ratio of 1:2 is full-filled into the air holes as the sensing medium by capillary force and air pressure [5] . The silver nanowire colloid we used is a stable translucent colloidal suspension of silver nanowires in ethanol carrier. Then the mixed liquid can be regarded as the mixture of ethanol and chloroform. The diameter of the nanowires is about 90 nm, and the average length is about 30 um. As shown in Fig. 1 , some silver nanowires are embedded in the air holes of the first layer in numerical simulation and the distribution of silver nanowires refers to [23] , [24] . Lu et al. have demonstrated that when the number of silver nanowires embedded in each air hole of the first layer exceeds three, the sensor will get saturated wavelength and amplitude sensitivities. The sensitivities will remain relatively stable with the continuous increasing of the silver nanowires numbers. Luan et al. presented that the silver nanowires are unlikely to suspended in the liquid for a long time because of the gravity effect, and the resonance wavelength will not change as long as the nanowires are still on the surfaces of the holes and that sensitivity of the sensor is relatively stable with the randomly filled nanowires.
Theoretical Modeling
Finite element method (FEM) is used to calculate the results using COMSOL Multiphysics software. We use perfectly matched layers (PML) as the boundary condition and the whole section of the sensor is divided into many triangular subdomains. The total number of mesh elements is 74262. The simulation for modal analysis is done in XY plane while light propagation is along Z direction.
The RI of mixed liquid made up of silver nanowire colloids and chloroform can be evaluated by [23] 
where n, n 1 , and n 2 denote the RI of the liquid mixture and the constituents, respectively. 1 and 2 are the volume fractions of the constituents, and 2 can be replaced by ð1 À 1 Þ. The RI of liquid constituent can be evaluated by [23] 
where n 0 is the RI of the liquid constituent at temperature T 0 and dn=dT is the thermo-optic coefficient. The thermo-optic coefficients of ethanol and chloroform are À4 Â 10 À4 = C and À6:328 Â 10 À4 = C, respectively. The fiber material ð$10 À6 = CÞ and the silver are much lower than the liquid; therefore, we do not take them into consideration. The RIs of ethanol and chloroform ðT ¼ 20 CÞ are defined as
The RI of fiber material is assumed to be 1.45 (fused silica) and the RI of silver refers to the Handbook of Optics [25] . The RI relationship between mixed liquid and the background material of PCF with the increase of temperature are shown in Fig. 2 , which exhibits a declining trend of mixed liquid and a lower state comparing with fused silica due to the negative thermo-optical coefficients of ethanol and chloroform. Then, the effective RI ðn eff Þ of the cladding is always lower than the n eff of the core, making the total internal reflection sensing mechanism guaranteed. Fig. 3 shows the dispersion relations of the core guided mode and the plasmon mode at the resonance wavelength. We use the Gaussian-like modes as the core guided modes as it is best suited for the excitation by standard Gaussian laser sources [26] . Theoretically, phase matching requires equating the propagation constants of the core guided mode and the plasmon mode, implying that the n eff of the two modes have to be close. The n eff of core guided mode (black solid line) is close to that of the core material. The n eff of plasmon mode (blue dotted line) is determined by the background silica, the adjacent analyte, and the metallic coating, usually at a value not significantly larger than the filling analyte [27] . Obviously, we can see that when phase matching condition is satisfied at a certain wavelength (intersection point of black and blue line), the energy of the core guided mode is transferred to the plasmon and a resonant loss peak (red solid curve) is observed at this wavelength. As the filling liquid mixture has a large thermo-optic coefficient, temperature variations will change the RI of the filled mixture and influence the coupling efficiency between the core guided mode and the plasmon mode, thus leading to a peak shift. By measuring the peak shift, temperature changes can be detected effectively.
When temperature increases from 30°C to 60°C, as shown in Fig. 4(a) , the resonance peak shifts to the shorter wavelength and the peak loss decreases gradually. This is because a reduced n eff of the plasmon mode changes the phase matching point and a larger difference between core guided mode and plasmon mode making the coupling efficiency weaker. Contrary to the temperature increasing, varying the volume ratios of ethanol and chloroform from 1:1 to 1:3, as we see from Fig. 4(b) , the peak wavelength shifts to the longer wavelength and the peak loss increasing as a larger volume ratio of chloroform leads to an increased n eff of the plasmon mode. However, we should note that a larger volume ratio of chloroform will dilute the silver nanowires. As described in [24] , the peak wavelength changes little but the peak loss decreases evidently when the number of silver nanowires in each air hole decreased. In other words, increase the volume ratio of chloroform will also decrease the peak loss. Therefore, by adjusting the volume fractions of the constituents, we can tune the peak wavelength and peak loss intensity to a desired value in the experiment. 
Experimental Setup and Analysis
We design a setup to certify the temperature sensor's feasibility, which is shown in Fig. 5 . A supercontinuum broadband source (SBS) (NKT SuperK Compact) is used as the light source and an optical spectrum analyzer (OSA) (YOKOGAWA AQ6370C) is used to monitor the transmission spectrum passing though the single mode fibers (SMFs) and the PCF. The scanning electron microscope (SEM) image of LMA-10 PCF is shown in Fig. 6(a) . Two ends of the PCF are connected with the SMFs via bare fiber adapters and then fixed onto a temperature controller. The all-fiber sensor is easy to achieve remote sensing by extending the length of the downlead SMF and have a strong mechanical stability compare with the incident light coupled by lens in [22] , also the whole structure is more compact. The liquid mixture of aqueous silver nanowire colloids and chloroform at the ratio of 1:2 is full-filled into the air holes of an 8 cm PCF with the well-known capillary action. One end of the PCF is immersed into the liquid while the other end is exposed to the air, then the liquid are full-filled into the air holes by capillary force and air pressure. To save the filling time, we exert pressure on the liquid using a similar setup, as described in [21] . The PCF is fully infiltrated by adding nitrogen gas pressures of ∼3 bars for one hour. The silver nanowire colloids we used is a stable translucent colloidal suspension of silver nanowires in ethanol carrier and the concentration is 1000 ppm. The SEM image of silver nanowire is shown in Fig. 6(b) . First, we detect the transmission loss of the sensor for unfilled PCF, liquid filled PCF with volume ratio 1:1 and 1:2 at 30°C, respectively, which is shown in Fig. 7 . Two loss curves are observed when the PCF are filled with the liquid mixture of ethanol and chloroform. Compared with the unfilled PCF, we can know that the curve on the left is caused by the light source and the fiber, which has a larger spectral width and a shallower curve depth than the SPR curve on the right. Moreover, the sensor filled with a larger volume ratio of chloroform exhibits a narrower and deeper loss curve, leading to a higher resolution make the detection much easier and more accurate.
Next, a large temperature range from 25°C to 60°C with the steps of 5°C at the ratio of 1:1 and 1:2 are detected to investigate the sensor's performance. As shown in Fig. 8 , with temperature increasing, the resonance wavelengths all blue-shift significantly and the resonance losses damp gradually. In addition, the sensor filled with liquid at the ratio 1:2 exhibits a narrower and deeper loss curve compared with 1:1, which all agree well with the simulated results. The detailed parameters are summarized in Table 1 . We should also note that the decreasing resonance dip will widen the spectral width and thus reducing the resolution of the sensor. This phenomenon is attributed to the negative thermo-optic coefficients of ethanol and chloroform. As we see from Fig. 2 , the RI of liquid mixture will decrease as temperature increasing. The liquid mixture is filled into the air holes in the fiber cladding, and therefore the n eff of the plasmon mode is close to the RI of the mixture. Hence, the increasing temperature will decrease the n eff of the plasmon mode, leading to the phase matching point shifts to the shorter wavelength. Moreover, the RI of liquid being far from the RI of fiber material (fused silica about 1.45) will enlarge the n eff difference between the core mode and the plasmon mode, thus reducing the coupling efficiency and resulting in lower resonance loss. In the wavelength interrogation method, the variations of temperature are defected by measuring the shift of the resonance dip Á peak . In this case, the wavelength sensitivity in terms of RI units (RIU) is defined as [22] S dnm= Ce ¼ Á peak =ÁT :
According to (5) , the relationship between resonance wavelength and temperature is plotted in Fig. 9(a) . The fitting curves can be expressed as ¼ 1448:9881 À 1:8262T for 1:1 and ¼ 1463:4167 À 2:0833T for 1:2. The correlations between the fitting results with the experimental results are 0.99862 and 0.99908, respectively, indicating a good linear relationship between the resonance wavelength and temperature. The temperature sensitivity −2.0833 nm/°C is obtained for 1:2, which is comparable to the results of gold nanoparticles selectively filled (−5.5 nm/°C) [21] and silver nanowires filled (2.7 nm/°C) [22] sensors. Fig. 9(b) shows the comparison of the simulated and experimental results at the ratio 1:2, which all present linearly decreasing relations between peak wavelength and temperature. The fitting curve for the simulation results can be expressed as ¼ 1449:7381 À 3:1262T with correlation of 0.99987, exhibiting a higher temperature sensitivity (−3.1262 nm/°C) and better linear relationship than the experiment. In general, the experimental and simulated results exhibit a good qualitative agreement with little discrepancies in peak wavelength and sensitivity due to the clustering effect and operate error. As described in [20] , [28] , clustering of nanowires plays an important role and affects the palsmon band location, result in the discrepancy in peak wavelength. We use a "figure of merit" to evaluate the experimental results, which is defined as [21] FOM ¼ S ðnm= CÞ=FWHM ðnmÞ
where FWHM is the full width at half maximum of the transmission dip. According to equation (6) , the FOM we obtained is 0.1572 for 1:2, which is much higher than that of gold colloids and dimethyl sulfoxide filled (0.0762) [21] , silver nanowire colloids, and ethanol filled (less than 0.135) [22] . The higher FOM is beneficial for the detection accuracy to get a better performance.
Conclusion
In this paper, we present a temperature sensor based on LMA-10 PCF filled with silver nanowire colloids and chloroform. FEM is used to analyze the sensor structure using COMSOL Multiphysics software and the simulated results show that a blue shift is obtained when temperature increase due to the negative thermo-optical coefficients of filling liquid. By changing the volume fractions of silver nanowire colloids and chloroform, the resonance wavelength and resonance intensity can be tuned effectively. A large temperature range from 25°C to 60°C at the ratios of 1:1 and 1:2 are detected to investigate the sensor's performance and the high temperature sensitivity −2.08 nm/°C with FOM 0.1572 is obtained, which is comparable to the same type sensors. A significant advancement is made compare with the previous work described in [7] . Firstly, we utilized an all-fiber structure to improve the sensor's mechanical stability, which is also convenient to realize remote sensing by changing the length of the downlead SMF. Next, we had demonstrated the sensor's feasibility both theoretically and experimentally, the FOM is increased from less than 0.135 to 0.1572 with little sacrifice in wavelength sensitivity, which can improve the detection accuracy significantly. This work can provide a reference for developing a high sensitive, real-time, remote sensing and distributed temperature sensor with compact structure.
